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Introduction 51 52
Cystinosis is an inherited metabolic disorder attributable to a mutation in CTNS, a 53 lysosomal transporter. The resulting intracellular cystine accumulation leads to multiple organ 54 dysfunction, including the development of Fanconi syndrome due to proximal tubular cystine 55 uptake. Therapy with cysteamine can delay, but not prevent, eventual renal failure in the second 56 or third decade of life (34). In cystinotic children, flattening of proximal tubular cells develops 57 between 6 and 12 months of age, creating a narrowed initial proximal tubule segment, the so-58 called "swan-neck lesion" (SNL) (31). The proximal tubule is responsible for reclaiming the 59 majority of glomerular filtrate, which is accomplished by sodium transport fueled by ATP. The 60 initial segment of the proximal tubule reabsorbs most filtered amino acids, phosphate, and 61 glucose. The mechanisms responsible for proximal tubular dysfunction in cystinosis have not 62 been elucidated, but mitochondrial and oxidative injury are likely candidates (26, 47) . 63
The study of the pathogenesis of cystinosis had been hampered by the lack of an animal 64 model manifesting the clinical renal phenotypic progression (7). This was solved by the 65 generation of Ctns -/-mice using a C57BL/6 genetic background: this strain develops Fanconi 66 syndrome by 2 months, SNL by 6 months, and decreasing glomerular filtration rate (GFR) by 10 67 months of age (35) 
Morphometry. Morphometric determinations of volume fractions of proximal tubules and 135
collagen contribution were made, respectively, in Lotus and picrosirius-red stained median 136 sagittal sections, using microscopic fields at X400 magnification as previously detailed (16) . 137
For glomerular areas (both capsule and tuft), 40 glomeruli per kidney section were measured in 138 a manner designed to sample the entire cortical thickness (48). These measurements were 139 made by means of ImagePro Plus 5.1 or 7.0 image-analysis software (Media Cybernetics, Silver 140 Spring, MD). Area of Bowman's space was determined by subtracting the glomerular tuft area 141 from total area within Bowman's capsule. Measurement of the fraction of Lotus-stained 142 glomeruli was performed as described previously (15). Using serial sectioning, atubular 143 glomeruli were demonstrated in older Ctns -/-mice by the lack of continuity between Bowman's 144 capsule and proximal tubule (20).
F-00591-214-R triphenylphosphonium, Santa Cruz Biotechnology, sc-264801) beginning at either 1 month or 3 148 months of age (n = 8-9 each group); kidneys from all mice were harvested at 6 months of age. 149
Mice were housed 2-3 per cage, and were weighed weekly. They received either dTPP at a 150 concentration of 125 µM or MitoQ in drinking water, ad libitum. Administration to mice of 500 μM 151
MitoQ in drinking water results in tissue concentrations of MitoQ of 20±2 pmol/g wet weight of 152 liver, and produces no evident toxicity when administered at this dose for up to 28 weeks (41). 153
Salutary effects have been reported following cardiac ischemia/reperfusion in rats, and for 154 diabetic nephropathy in Ins2 +/-AkitaJ mice (1, 6 ). The concentration of MitoQ was initially 100 µM 155 and was gradually increased over 7-10 days to a final concentration of 500 µM which was 156 continued for the duration of the study. MitoQ and dTPP stock solutions were prepared using 157 sterile filtered tap water, stored at 4
• C, and protected from light. Water intake was measured 158
daily. An additional group of 8 mice received sterile filtered water and were harvested at 6 159 months. Kidneys were harvested and processed for staining with Lotus tetragonolobus as 160 VA) was utilized. Age-matched groups were compared using t-test for normally distributed data, 167
or Mann-Whitney rank-sum test for data not normally distributed. Two-way ANOVA was used to 168 compare the effects of MitoQ and duration of treatment on initiation of the SNL. Statistical 169 significance was defined as P < 0.05. 170 F-00591-214-R Initiation of the swan-neck lesion (SNL). In mature wild-type ("control") C57BL/6 mice, the 173 glomerulotubular junction was characterized by tall, mitochondrion-rich epithelial cells extending 174 from the proximal tubule onto the urinary pole of Bowman's capsule, making an abrupt transition 175 to flat parietal epithelial cells (Fig. 1A) . In the cystinotic mouse the tall epithelial cells were 176 modified to become extremely flattened (Fig. 1B) , forming the definitive swan-neck lesion (SNL). 177
Reactive oxygen species consistent with superoxide produced by mitochondrial 178 metabolism were localized by the presence of blue diformazan crystals following perfusion with 179 nitroblue tetrazolium (10). Diformazan was distributed along the basal surfaces of the tall 180 epithelium of wild-type glomerulotubular junctions and proximal tubules (Fig. 1C) , but was 181 absent from the cells forming the SNL in cystinotic nephrons (Fig. 1D) . In wild-type kidneys, 182
Lotus tetragonolobus lectin was typically bound within the apical cytoplasm of the tall parietal 183 epithelial cells of Bowman's capsule, but did not stain the thin parietal cells (Fig. 1E) . In 184 contrast, the epithelium lost its affinity for Lotus staining along the flattening SNL (Fig. 1F) . The 185 distribution of megalin (LRP2), a membrane-associated binding receptor, was similar to that of 186 Lotus lectin in control kidneys (Fig. 1G ), but unlike Lotus, megalin positivity was retained in the 187 flattened cells of the SNL in cystinotic nephrons (Fig. 1H) . 188
The basement membrane of wild-type nephrons consisted of a thin coating along the 189 basal surfaces of the glomerular capsule, the glomerulotubular junction, and the contiguous 190 proximal tubule (Fig. 1I) ; in cystinotic nephrons, the basement membranes of both the 191 glomerulotubular junction and proximal tubule were considerably thickened, their augmentation 192 corresponding to the original positions of the tall cells (Fig. 1J) . were provided with mitoquinone (MitoQ) or vehicle (dTPP) in drinking water from 3 to 6 months 207 (short-term) or 1-6 months of age (long-term) (Fig. 3A) . In 6 mice receiving MitoQ at 500 μM in 208 drinking water for 3 weeks, kidney tissue concentration was 27.3±3.2 pmol/g. As shown in 209 Figure 3B , compared to those receiving vehicle (28.6±2.1%), Ctns -/-mice receiving MitoQ 210 maintained a greater fraction of intact glomerulotubular junctions (37.4±2.1%) ( p<0.01, 2-way 211 ANOVA), consistent with a salutary effect of mitochondrial antioxidant therapy. There was no 212 difference in fraction of intact glomerulotubular junctions between short-term (33.2±2.1%) and 213 long-term treatment (32.8±2.1%) (p=0.9, 2-way ANOVA). Daily water consumption was 17% 214 greater in mice receiving MitoQ (2.7 ± 0.1 ml/day) than dTPP (2.3 ± 0.1 ml/day) (p<0.05); body 215 weight was 13% higher in mice receiving MitoQ (27.7±0.4 g) than dTPP (24.4±0.5 g) (p<0.05), 216 but left kidney weight did not differ between MitoQ (203±5 mg) and dTPP (198±7 mg) groups. 217
Body weight and fraction of intact glomerulotubular junctions were greater in mice receiving 218 water without vehicle than water containing dTPP (p<0.05), but kidney weight was not different.
F-00591-214-R dTPP (13.7 ± 1.7, N = 13) and MitoQ (9.9 ± 1.4 ng/ml, N = 19) Ctns -/-groups; or untreated wild-221 type mice (10.0 ± 2.5, N = 6). with conservation of juxtaglomerular renin production (Figs. 4A, 4B ) and an intact macula densa 226 (Fig. 4C) . 227
Transgelin, a cytoskeletal protein associated with stabilization of cellular structure, while 228 abundant in vascular smooth muscle cells, was rarely expressed in the glomerular capsules or 229 proximal tubular epithelium of wild-type mice (Fig. 5A ). In contrast, transgelin positivity appeared 230 in nephrons of cystinotic kidneys at 6 months of age, and by 9 months was present in many of 231 the glomerular capsules of cystinotic kidneys (Fig. 5B, 5C ) as well as in the flat swan-neck 232 epithelium itself ( tubules of Ctns -/-mice had become dilated (Fig. 6D ). There was no significant effect of MitoQ on 241 proximal tubular volume fraction at 6 months ( Fig. 3C) , consistent with only a small reduction in 242 this parameter at this age in Ctns -/-vs. wild-type mice (Fig.6E ).
F-00591-214-R glomeruli, interstitial collagen accumulation, and cast material formation. As early as 9 245 months of age, degenerative zones began to appear in cystinotic kidneys (example shown in 246 Fig. 7 ). Within these zones, shrunken proximal tubules exhibited apoptosis (Fig. 7A) , blue 247 diformazan incorporation (Fig. 7B) , upregulation of KIM-1 ( Fig. 7C ) and oxidative stress (4-HNE, 248 Since the initial report of the "swan-neck lesion" (SNL) in a child with nephropathic 261 cystinosis (11), the biochemistry of the disorder has been elucidated, and the responsible gene 262 has been identified (47). Despite these advances, the relationship of lysosomal cystine 263 accumulation to proximal tubular dysfunction and progression of the nephropathy has not been 264 defined. Although our understanding of the pathogenesis of this disorder has been significantly 265 expanded by the recent development of a mouse model of nephropathic cystinosis, the SNL 266 continues to be regarded as a form of tubular atrophy (19). The present study in Ctns -/-miceF-00591-214-R indicates that rather than being the result of a purely degenerative process, the SNL is a 268 consequence of multiple cellular adaptations by the proximal tubule. 269
The role of mitochondrial oxidative stress in the initiation of the SNL. Data regarding ATP 270 metabolism and cell oxidation in cystinosis have been generated largely from in vitro studies 271 (47). However, whereas ATP metabolism in vitro is largely dependent on glycolytic activity, ATP 272 in vivo is generated by mitochondrial oxidative phosphorylation, associated with generation of 273 reactive oxygen species (47). For these reasons, we sought to localize mitochondrial function 274 along the nephrons of cystinotic mice during evolution of the SNL. As shown in the present 275 study, maturation of the glomerulotubular junction generally proceeds in cystinotic mice from 276 birth through 3 months of age, albeit at a diminished rate (Fig. 2E) . 277
The use of antioxidants in chronic diseases such as heart failure, diabetes, and chronic 278 kidney disease have thus far been disappointing, results likely attributable to the lack of efficient 279 targeting of compounds to mitochondria (43). Mitoquinone (MitoQ), a small-molecule antioxidant 280 compound, is specifically sequestered within mitochondria: its conjugation to 281 triphenylphosphonium (TPP), a lipophilic cation, results in concentrations 100-500-fold higher in 282 the mitochondria than in the plasma (44). Notably, oral MitoQ decreased liver damage in a 283 phase II study of hepatitis C patients, showing promise for its clinical use (21). The results of the 284 present study reveal a significant reduction of the initiation of the SNL in mice receiving MitoQ 285 compared to those receiving dTPP vehicle, consistent with a role for mitochondrial oxidative 286 stress in this process. The interval between 3 and 6 months of age (common to both short-term 287 and long-term MitoQ treatment groups) is the period of initiation of the swan-neck lesion (Fig  288   2E ). The lack of additional benefit from the earlier initiation of MitoQ treatment in the long-term 289 group suggests that susceptibility of the proximal tubule to stimuli that initiate the phenotypic 290 changes in epithelial cells does not develop until 3 months of age. The inter-animal variation in 291 the rate of SNL initiation for 6 month-old Ctns -/-mice ( (Fig. 1B, 1J) . In the normal nephron, high transmural hydraulic pressure in Bowman's capsule and the 313 proximal tubule generates considerable tension, which is countered by a basement membrane 314 which is thicker than that in more distal segments (42). Additional basement membrane is 315 produced by tubular cells undergoing phenotypic transition, a process that should enhanceF-00591-214-R considerably reduced overall diameter of the SNL segment would reduce wall tension compared 318 to Bowman's capsule (law of LaPlace: tension = pressure x radius). The SNL therefore 319 becomes a conduit for tubular fluid to downstream segments which must initially compensate for 320 the loss in reabsorptive function. The development of the Fanconi syndrome reveals that such 321 compensation is incomplete, and ultimately fails when the S3 segment becomes overwhelmed. 322
Despite the profound morphological alterations taking place along the proximal tubule of 323
Ctns
-/-mice, the glomerular tuft remains normal in appearance throughout life (Fig. 4) . 324
Maintenance of a renin-producing juxtaglomerular apparatus and an apparently normal macula 325 densa points to an intact tubuloglomerular feedback mechanism. Transgelin, an actin-binding 326 
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The Ctns -/-mouse as a model of human nephropathic cystinosis. Cystinosis is a rare 366 disorder, with a prevalence of approximately 1:100,000 across the world (34). Because of the 367 paucity of available data, constructing the progression of renal lesions in clinical cystinosis has 368 necessarily been based on a few studies of small numbers of patients. A report of two cystinotic 369 children undergoing renal biopsy at 5-6 months and again at 12-14 months of age revealed that, 370 although Fanconi syndrome was present at 5-6 months, the SNL appeared only in the second 371 biopsies (31). In five cystinotic patients 1-5 years of age, creatinine clearance was reduced by 372 approximately 50% (27), while kidney biopsies from six cystinotic children 2-12 years of age 373 revealed SNL in 36-89% of nephrons, with significant variation observed among individual 374 patients and nephrons (13). Kidneys from six cystinotic patients 10-24 years of age undergoing 375 renal transplantation revealed that 69% of glomeruli were atubular, 30% had SNL and only 1% 376 were normal (30). These data were used to generate a chronology for progression of cystinosis 377 in children (Fig. 10) . The original description of the C57BL/6 Ctns -/-mouse noted the 378 development of Fanconi syndrome by 2 months of age, no change in creatinine clearance by 9 379 months of age, but a decrease by 50% at 10-18 months (35). A chronology for the mouse model 380 can be fitted to the sequence of events depicted for human cystinosis, with 12 months in the 381 mouse being equivalent to 3 years of age in the child (Fig. 10) . Although there are many 382 apparent similarities in the evolution of renal adaptations and progression of injury in human and 383 murine CTNS mutations, the onset of advanced renal insufficiency begins in childhood in the 384
former, but only in adulthood in the mouse. Glomerular structural and functional changes 385 (including multinucleated podocytes and heavy proteinuria) develop in human cystinosis, but not 386 in the C57BL/6 Ctns -/-mouse (46). Most importantly, the expression of a renal phenotype in the 387 mutant mouse is largely dependent on its genetic background, underscoring the importance of shows initiation of the SNL in approximately 50% of nephrons between 3 and 6 months (Fig. 2) . 396
The results of the present study suggest that the term swan-neck "lesion" is actually a 397 misnomer, as it does not have all the characteristics of definitive tubular atrophy: cells retain 398 megalin, remain adherent to basement membrane, and do not express KIM-1. By taking on a 399 reduced diameter, expressing transgelin, developing a thickened basement membrane, and 400 reducing mitochondrial volume, the formation of the SNL can be viewed as an adaptation to 401 injurious stimuli (Fig. 10) We conclude that additional studies of the Ctns -/-mouse should be directed to the first 3-425 6 months of life, prior to the development of irreversible tubular injury (Fig. 10) The Lotus lectin-staining volume fraction of proximal tubules increases rapidly with 687 maturation in both wild-type and Ctns -/-mice in the first 3 months of life (E). After 6 months 688 of age, however, the volume fraction of Lotus-stained proximal tubules falls below that of 689 age-matched wild-type mice (p<0.001) (E). Scale bar in D = 250 µm. Blue triangles, wild-690 type; red triangles, Ctns -/-mice. 691 PT adaptation PT destruction
